The plasmid-encoded proteinase genes prtP and prtM of Lactococcus lactis subsp. cremoris Wg2 were integrated by a Campbell-like mechanism into the L. lactis subsp. lactis MG1363 chromosome by using the insertion vector pKLG610. Two transformants were obtained that differed in the number of amplified pKLG610 copies in head-to-tail arrangements on their chromosomes; MG610 contained approximately two copies, and MG611 contained about eight copies. The amplifications were stably maintained during growth in milk in the absence of antibiotics. The proteolytic activity of strain MG611 was approximately 11-fold higher than that of strain MG610 and about 1.5 times higher than that of strain MG1363(pGKV552), which carried the proteinase genes on an autonomously replicating plasmid with a copy number of approximately 5 . All three strains showed rapid growth in milk with concomitant rapid production of acid. The results suggest that a limited number of copies of the proteinase genes prtP and prtM per genome is sufficient for good growth in milk.
Lactococcus lactis is one of the lactic acid bacterial species of major economic importance in dairy fermentations. The main function of lactococci in milk fermentations for the production of cheese is the rapid production of lactic acid from lactose. Nowadays, the large-scale fermentations in the dairy industry require the availability of genetically stable strains. Two unstable plasmid-encoded properties are of vital importance for good growth and concomitant rapid production of lactic acid: the ability to ferment lactose, a process which involves several enzymes, and the ability to degrade caseins by a cell envelope-associated proteinase (for reviews, see references 6 and 22) . The initial degradation of caseins by proteinase and subsequent hydrolysis of the breakdown products by a variety of peptidases enable L. lactis to obtain sufficient amounts of essential amino acids, which are present in milk in concentrations too low to sustain good growth (30) .
Two types of proteinases can be distinguished with respect to their specificity toward caseins. The Plll-type proteinase degrades both a-and 1-casein, whereas the PI-type proteinase only hydrolyzes 3-casein, with a specificity different from that of the PIII-type proteinase (38, 39) . The amount and type of proteinase produced are also important for the organoleptic properties of the fermentation product (24, 25, 29, 40) .
A number of plasmid-located proteinase genes of L. lactis encoding PI-or PIII-type proteinases have been cloned and sequenced (7, 17, 19, 21, 41) . Detailed analyses revealed that two genes, designated prtP and prtM, are necessary for proteolytic activity. The prtP gene encodes a cell envelopeassociated serine proteinase of approximately 200 kDa that is activated by a PrtM-dependent maturation step (for a recent review, see reference 18) .
The requirement of genetically stable L. lactis strains implicates the stabilization of the genes essential for the dairy industry, such as the proteinase genes. Integration of these genes into the L. lactis chromosome may offer a useful approach to achieving this goal. In previous work we described the integration of plasmids that were unable to * Corresponding author. replicate in L. lactis via homologous recombination (26, 27) . Stable single-copy and tandemly arranged multicopy integrations were obtained in L. lactis MG1363 (27) . Similar results were reported by Chopin et al. for strain IL1403 (5) .
In this report we describe the integration into the L. lactis subsp. lactis MG1363 chromosome of the L. lactis subsp. cremoris Wg2 proteinase genes by a single homologous recombination event (Campbell-like integration) with a pTB19-based vector. Transformants were obtained that carried different numbers of stable tandemly integrated plasmid copies. The effect of the number of integrated proteinase gene copies in the transformants on the growth rate and acid production in milk is discussed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The strains and plasmids used in this study are shown in Table 1 . Bacillus subtilis was grown on TY broth and agar plates (35) . L. lactis was cultured in M17 broth containing 0.5% glucose (GM17; 37) or in 10% (wt/vol) reconstituted skim milk (Oxoid Ltd., London, England) containing 0.5% (wt/vol) glucose. For proteinase isolations, cells were grown on 5% whey permeate containing 0.1% Casitone, 0.5% glucose, and 2% 3-glycerophosphate (9) . To distinguish proteinase-producing (Prt+) cells from proteinase-deficient (Prt-) variants, the lactococci were grown on agar-based reconstituted skim milk plates containing 0.5% (wt/vol) glucose and 0.005% (wt/vol) bromocresol purple (GMAB plates) (21) . Recombinant bacterial strains were grown in the presence of the appropriate antibiotics, unless stated otherwise. Erythromycin was used at a concentration of 5 p.g/ml for both B. subtilis and L. lactis. Kanamycin was used at a concentration of 100 pLg/ml for B. subtilis protoplasts during regeneration on DM3 plates (3) and at a concentration of 5 ,ug/ml for subsequent growth.
DNA isolation and manipulation. Plasmid DNA was isolated from B. subtilis as described by Birnboim and Doly (2) or by the method of Ish-Horowicz and Burke (12) . Minipreparations of plasmid DNA from L. lactis were prepared as described before (26) . L. lactis chromosomal DNA was isolated by using a mini-isolation procedure described previously (27) . The restriction enzymes, Klenow enzyme, and 2568 (28) .
Construction of the integration plasmid. The pTB19-pBR322-based integration vector pKL400B, carrying the 1.3-kb lactococcal chromosomal fragment B, has been described before (27) . The origin of replication of pBR322 was removed by PvuII digestion and subsequent religation, resulting in plasmid pKL401B.
Plasmid pGKV552 is a derivative of pGKV500 and pGKV550 (11, 21) Amplifications. The number of plasmid copies tandemly integrated in the L. lactis chromosome was determined with a Pharmacia LKB2222-020 UltraScan XL laser densitometer (LKB Produkter AB, Pharmacia, Bromma, Sweden).
Determination of stability. L. lactis MG1363(pGKV552), MG610, and MG611 were grown overnight in GM17. Then 0.1-ml samples of 10' dilutions of the cultures were inoculated in 100 ml of skim milk without antibiotics. After growth overnight (20 generations) , the cultures were again diluted and 0.1-ml samples of 10' dilutions were inoculated in 100 ml of skim milk without antibiotics. This procedure was repeated until the cultures had been grown for 100 generations in the absence of antibiotics. After every 20 generations, diluted samples of the cultures were plated onto GM17 agar plates without antibiotics. The Emr and Prt+ phenotypes were tested by transferring 100 colonies of each strain from the nonselective plates to GM17 plates containing erythromycin and to GMAB plates.
Growth the chromosome. For this purpose the 13.5-kb plasmid pKL610 was constructed (Fig. 1) . L. lactis MG1363 was transformed by electroporation with S pig of pKLG610; two Emr transformants were obtained and designated MG610 and MG611 (the transformation frequency with pGK12, a replicating lactococcal plasmid [20] , was 4.5 x 105 transformants per pug in the same experiment). The Prt+ phenotype of the two transformant strains was confirmed on GMAB agar plates. On this medium, strain MG1363(pGKV552) gave large yellow colonies with a yellow halo, whereas MG1363 produced small white colonies without a halo. Strain MG611 produced colonies with halos which were similar in color and size to those of strain MG1363(pGKV552). The colonies of strain MG610 were similar in size to those of strains MG611 and MG1363(pGKV552) but stained less intensively yellow, and the halos were smaller (results not shown).
Southern hybridization analysis of PvuII-digested chromosomal DNA of strains MG610 and MG611 with chromosomal fragment B as a probe demonstrated chromosomal integration of pKLG610 in both transformants. In PvuIIdigested chromosomal DNA of the recipient strain MG1363, as expected, only one hybridizing fragment at 3.6 kb was present ( Fig. 2A, lane 6) . Lanes 1 and 2 of Fig. 2A contained PvuII digests of the chromosomal DNA of the transformant strains MG610 and MG611, respectively. Three fragments were present: one each at 3.3, 2.7, and 2.4 kb. The 2.4-kb fragment had the same size as the fragment that hybridized in the PvuII digest of pKLG610 (lane 8) . The patterns in Fig.  2A , lanes 1 and 2, indicate that pKLG610 had integrated in a Campbell-like manner into chromosomal fragment B and that a tandem arrangement of multiple copies of this plasmid was present on the chromosomes of the two transformant strains (Fig. 2B) . The intensity of the 2.4-kb fragment as compared with those the 3.3-and 2.7-kb fragments in Fig.  2A , lanes 1 and 2, provides a measure of the extent of amplification. Although the numbers of integrated copies of pKLG610 were difficult to establish by visual inspection of Fig. 2A , densitometric determinations showed that the numbers of integrated copies of pKLG610 were two to three for strain MG610 and eight to nine for strain MG611. The number of integrated plasmid copies in strains MG610 and MG611 is slightly variable. In a second independently obtained chromosomal isolate of strain MG610, the intensity of the hybridization signal of the 2.4-kb fragment appeared to have decreased relative to that of the 3.3-and 2.7-kb fragments (results not shown). This observation prompted us to study strain MG610 in more detail. A culture of strain MG610 was plated onto GM17 plates, and five colonies, designated MG610a through MG610e, were randomly chosen for further analysis. Southern hybridization analysis of PvuII-digested chromosomal DNA of the strains MG610a through MG610e with chromosomal fragment B used as a probe showed that cultures of strain MG610 were of a mixed nature. Chromosomal digests of the strain MG610a, MG610b, and MG610c are presented in Fig. 2A, lanes 3, 4, and 5, respectively. The levels of amplification in all five strains were determined densitometrically ( Proteinase production and activity. Proteinase was isolated from cultures of strains MG610 and MG611 grown on whey-permeate to determine the amount of proteinase produced by these strains. Cultures of the strains MG1363 and MG1363(pGKV552) were used as controls. The samples were subjected to SDS-PAGE (Fig. 5) . Strain MG611 produced slightly more proteinase than strain MG1363 (pGKV552) (lanes 3 and 4) . determined by using the synthetic substrate methoxysuccinylarginylprolyltyrosyl-p-nitroanilide.
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( Table 3 ). The proteolytic activity of strain MG611 was approximately 1.5 times higher than that of strain MG1363 (pGKV552) and approximately 11 times higher than that of strain MG610. Quantitatively, these results are in agreement with the amounts of proteinase that were obtained from these strains (Fig. 5) . Growth rate and acid production. Strains MG610 and MG611 differed considerably in the number of integrated proteinase genes and consequently in the amount of active proteinase produced. Furthermore, strain MG611 produced more active proteinase than did MG1363(pGKV552), which carried the same proteinase gene on an autonomously replicating plasmid. The effect of the differences in proteolytic activity of these strains on the growth rate and acid production in milk was determined. The cultures were inoculated to a cell density of approximately 5 x 107 CFU/ml, and growth was allowed for 10 h in the absence of antibiotics. The number of cells in the cultures and the amount of acid produced were determined at intervals of 1 h (Fig. 6) . The Prt-strain MG1363 stopped growing at a cell density of approximately 7 x 108 CFU/ml as a result of the depletion of the available free amino acids in the milk and produced only -t 10Iu (27) . Since the major difference between pKL400B and pKLG610 concerns the presence of the prtP and prtM genes in pKLG610, it is tempting to speculate that the difference in plasmid structure underlies their different behavior with respect to amplification.
The amplifications in the transformants described here differ in one respect from amplifications obtained by others in L. lactis (5) and other bacteria (10, 13, 36 Young (42, 43) . However, these amplifications proved to be unstable, and recently it was shown that residual replicative activity of the integrated replicon was involved in the instability (44) .
In previous work we have suggested that stable spontaneously amplified plasmids in the chromosome of L. lactis might result from the integration of plasmid multimers (27) . Strain MG610 may be the result of the integration of a plasmid multimer, but it is unlikely that strain MG611 is the VOL. 57, 1991 product of such an event because this strain carried on the average eight integrated plasmid copies. The high stability of the different levels of amplification in strains MG610 and MG611 suggests that this level is determined shortly after the integration of the first plasmid copy. One possibility to explain the difference in the presence of only few tandemly repeated integrated plasmid molecules (as in strain MG610) and the presence of many (as in strain MG611) is based on the admittedly speculative assumption that differential damage inflicted upon the cells during the electrotransformation procedure allows for differences in the number of plasmid molecules that enter into the cells. If one of the internalized plasmid copies becomes integrated in the chromosome, subsequent integration of additional internalized copies by homologous recombination may result in multiple integrated copies, the number of copies ultimately being dependent on the number of plasmids internalized. Although the average level of amplification is apparently stable, as shown in the subculturing experiments, individual clones show variation. Apparently, an additional plasmid copy can be lost or gained, possibly by unequal crossing over between daughter chromosomes or by intrastrand recombination among the tandem repeats.
The proteinase activity of the transformant strains depended on the level of amplification of the proteinase genes. Such a gene dosage effect has also been reported for other bacteria in which genes were amplified after a Campbell-like integration (1, 10, 13, 14, 32, 36) . The difference in proteolytic activity of the strains MG610, MG611, and MG1363 (pGKV552) did not influence the growth characteristics and acid production in milk in a major way, although strains MG611 and MG1363(pGKV552) showed a higher growth rate after the depletion of the free amino acid pool and strain MG611 consistently produced more acid. The initial growth rate of strain MG610 was the same as that of the Prt-strain MG1363 for as long as the free amino acid pool was not depleted. This result is in agreement with the observation that in mixed cultures of these two strains there is no growth advantage of strain MG1363 over strain MG610 and suggests that a limited number of integrated copies of the proteinase genes per genome does not have an adverse effect on the initial growth rate. In contrast, the initial growth rates of strains MG611 and MG1363(pGKV552) were less than those of strains MG1363 and MG610, most likely because of the large number of proteinase genes in the chromosome of strain MG611, the presence of an autonomously replicating proteinase plasmid in strain MG1363(pGKV552), or the presence of large amounts of proteinase in both of these strains. These results are in agreement with the observed decrease in CFU of strains MG611 and MG1363(pGKV552) in the mixed cultures with strain MG1363, although the decrease of strain MG611 was less pronounced (Fig. 4) . The fact that a strain like MG610, with reduced proteinase activity, showed good growth and rapid production of acid in milk is in agreement with earlier observations. McKay and Baldwin (31) observed integration into the chromosome of a proteinase plasmid after transduction experiments with L. lactis C2. Although the proteinase activity of the transductant was 50% less than that of the parental strain, the transductant was successfully used to make Cheddar cheese, which was less bitter than cheese produced with the original strain (15) . The overproduction of proteinase in strain MG611 might have a favorable effect on cheese ripening time. It is known that addition of commercially available food grade proteinases can accelerate cheese ripening (25) .
In summary, we conclude that the Campbell-like integration strategy can be used to stabilize lactococcal strains for genes that are important in the dairy industry and that such genes may be subject to substantial amplification.
